Neuromyelitis optica spectrum disorder (NMOSD) is a rare autoimmune demyelinating disease of the optic nerve and spinal cord.^[@R1],[@R2]^ Autoantibodies directed at the aquaporin-4 water channel (AQP4), expressed on astrocytes in the CNS, have been identified as key contributors to NMOSD pathogenesis and are called AQP4 immunoglobulin G (IgG).^[@R3][@R4][@R7]^ Approximately 70% of patients with NMOSD are seropositive for AQP4-IgG, which appear to contribute to disease by causing internalization of AQP4 and complement fixation.^[@R8][@R9][@R10]^ Twenty to 50% of patients in whom AQP4-IgG cannot be detected are seropositive for myelin oligodendrocyte glycoprotein (MOG) autoantibodies (MOG-IgG).^[@R11][@R12][@R13]^ The remainder of NMOSD patients appear to be seronegative for both AQP4-IgG and MOG-IgG. Neither autoantibody has been convincingly demonstrated to predict relapse, response to therapy, or prognosis.^[@R14][@R15][@R18]^ Given the cumulative and potentially devastating nature of relapses, a prognostic biomarker would be especially valuable to herald imminent relapses and guide treatment interventions. Moreover, specific biomarkers may reveal disease mechanisms, inform disease status, provide insight for development of therapies, and help monitor treatment efficacy.

Biomarker discovery in NMOSD is hampered by disease rarity. Furthermore, studies often use an a priori single-candidate approach to biomarker discovery, limiting the probability of discovery of a potential novel biomarker. Although imaging techniques and interrogation of CSF may provide more direct information on CNS disease, the collection of blood samples is less invasive, time intensive, and costly. Therefore, we sought to perform an unbiased, discovery-based evaluation of candidate biomarkers that can be accessed from peripheral blood samples. To this end, we acquired peripheral blood mononuclear cells (PBMCs), serum, and clinical data from the Collaborative International Research in Clinical and Longitudinal Experience Study (CIRCLES) NMOSD biorepository.^[@R19]^ We applied high-throughput technologies to assess these biospecimens using a simultaneous, hypothesis-generating strategy focused on a large set of immune cell populations, cytokines, and chemokines. Statistical methods were then used to compare cell subset frequencies and serum analyte concentrations in NMOSD vs healthy controls (HC). In addition, clinical metadata were integrated into statistical modeling to assess potential relationships between molecular and cellular profiles and NMOSD relapses.

Methods {#s1}
=======

Study participants and biospecimens {#s1-1}
-----------------------------------

PBMC and serum specimens from participants with NMOSD and HCs were collected and archived through the Guthy-Jackson Charitable Foundation CIRCLES study^[@R19]^ or through a biorepository established at the Yale University School of Medicine, Department of Neurology. Written informed consent was obtained from all study participants before sample collection.

Two sets of serum samples were separately obtained and analyzed independently to avoid batch effect. These 2 serum sets were termed cohort 1 and cohort 2.

Flow cytometry immunophenotyping of cell subsets {#s1-2}
------------------------------------------------

Five flow cytometry panels, previously validated by the Human Immune Phenotyping Consortium,^[@R20]^ were used to examine the frequencies of 39 immune cell subsets (table e-1, [links.lww.com/NXI/A292](http://links.lww.com/NXI/A292)) in unstimulated PBMCs. These panels were developed to standardize routine immunophenotyping in humans across various sites. All samples analyzed were verified to have a PBMC viability greater than 80%, assessed by 7-aminoactinomycin D staining (Thermo Fisher, Waltham, MA). Briefly, samples were thawed and incubated in the dark with viability dye for 20 minutes. Following washing, PBMCs were split into 5 × 10^5^ cells for each of the 5 panels. Cells were incubated with an antibody cocktail respective of each panel (table e-1, [links.lww.com/NXI/A292](http://links.lww.com/NXI/A292)) at 4°C and then analyzed on a BD Biosciences LSR Fortessa cytometer.

Evaluation of serum cytokines and chemokines {#s1-3}
--------------------------------------------

The concentrations of 46 soluble circulating cytokines/chemokines were measured using customized multiplex proteomics assays (R&D Systems Human Magnetic Luminex Assay kit; vendor catalog no. CUST0I704/QT84038/2, LXSAHM) for each cohort. The assays were conducted according to the manufacturer\'s instructions. Briefly, diluted serum samples or standards were added to individual Luminex wells and incubated with the microparticle cocktail for 2 hours with agitation. Sample wells were washed and incubated in the dark with diluted biotin-antibody cocktail for 1 hour at room temperature with agitation. After washing, streptavidin-PE was added to each well and incubated in the dark for 30 minutes with agitation. Last, magnetic microparticles were resuspended and read using a Luminex analyzer. The concentration of each serum analyte was then quantified using its respective standard curve.

In cohort 1, B-cell activating factor (BAFF), which was not available in that Luminex kit, was analyzed using a commercial ELISA kit (R&D Systems, Minneapolis, MN) following manufacturer instructions.

Statistical analysis {#s1-4}
--------------------

Flow cytometry frequencies were calculated using FlowJo v10.4. The percent frequency of each cell subset was determined by calculating the fraction of the subset population relative to its parent population. Univariate statistical analyses on immunophenotyping and serum analyte data were performed using the Welch *t* test, and 95% CIs of the differences of the means (with mean difference defined as meanNMOSD---meanHC) were calculated in R. To correct for multiple hypotheses testing, *q*-value or *p*-adjusted (*p*-adj) was calculated while maintaining a 5% false discovery rate using the Storey algorithm in R. For univariate analyses of serum analytes, *p*-adj ≤ 0.05 was interpreted as significant, whereas for immunophenotyping, *p* ≤ 0.05 was interpreted as significant. Further evaluation of univariate analyses based on rituximab treatment was performed using the Welch *t* test, and *p* ≤ 0.05 was interpreted as significant.

Multivariate statistics {#s1-5}
-----------------------

To permit comparisons across serum analyte cohorts, normalization was performed by z-score normalizing assay values (subtracting the mean and dividing by the SD).

Multivariable logistic or linear regression was performed using the glm function in base R v3.4.2 for the prediction of NMOSD vs HC or for detecting associations with NMOSD clinical data such as days since relapse or annual relapse rate (ARR). All available serum analyte or immunophenotyping frequencies were used as variables in these models, and no data were missing during model training. *R*^2^ (1 subtracted by the ratio of null deviance to residual deviance) was used to evaluate for goodness of fit of multivariable linear regression models. Five-fold cross validation was performed to assess models for overfitting of multivariable logistic regression models. A receiver operating characteristic (ROC) curve was computed, and the area under the curve (AUC) was calculated to assess performance using the pROC v1.15.3 R package. The R package boot v1.3-22 was used to compute CIs for AUC. Principal component analysis was performed using base R. Mean and 95% CIs of the mean (95% CImean) were calculated for days since relapse and ARR. All codes used in this study are available on request. A *p* value ≤0.05 was interpreted as statistically significant.

Data availability {#s1-6}
-----------------

Anonymized data will be shared on request from qualified investigators.

Results {#s2}
=======

Clinical and demographic characteristics of participants with NMOSD and HCs {#s2-1}
---------------------------------------------------------------------------

PBMC samples were provided by 12 participants with NMOSD and HCs. Serum samples were provided by 27 participants with NMOSD and 11 HCs for cohort 1 and 29 participants with NMOSD and 11 HCs for cohort 2. Demographic and clinical characteristics of study participants are summarized in [table 1](#T1){ref-type="table"}. The mean age of each NMOSD and HC group for the 3 analyses ranged from 31.5 to 54.5 years. The mean disease duration ranged from 5.40 to 6.42 years. The majority of participants were female (between 67% and 84% per group). NMO-IgG serostatus was distributed between seronegative, seropositive, and unknown for all NMOSD groups.

###### 

Clinical and demographic characteristics of NMOSD and HC participants
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Primary reported race or ethnicity was heterogeneous between groups, as was treatment history. At least 50% of the participants with NMOSD in each group had been treated with rituximab. Varying frequencies of participants had been treated with corticosteroid, IVIg, plasma exchange, or other immunotherapies. Participants were also heterogeneous in terms of primary symptoms and phenotypic presentation including optic neuritis or longitudinally extensive transverse myelitis.

CD16^+^CD56^+^ NK cell frequency is reduced in NMOSD vs HCs {#s2-2}
-----------------------------------------------------------

We next sought to determine whether differences in immune cell frequencies between participants with NMOSD and HCs could be identified. To that end, 5 validated flow cytometry panels that applied defined markers were used to delineate subsets of T lymphocytes, B lymphocytes, monocytes, natural killer (NK) cells, and dendritic cells in unstimulated PBMCs. Panel 1 measured central, effector, and naive memory T cells; panel 2 measured CD4^+^ Th1, Th2, and Th17 cells, as well as their CD8^+^ counterparts defined by the same markers, namely Th1-like, Th2-like, and Th17-like CD8^+^ cells; panel 3 measured regulatory T-cell subsets; panel 4 measured B-cell subsets; and panel 5 measured monocyte, NK cell, and dendritic cell subsets (table e-1, [links.lww.com/NXI/A292](http://links.lww.com/NXI/A292)). A total of 39 cell subset frequencies were analyzed in the 5 panels ([table 2](#T2){ref-type="table"}).

###### 

Mean immune cell frequencies in NMOSD and HC PBMC samples
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The frequency of 3 populations was significantly different between participants with NMOSD and HCs. CD16^+^CD56^+^ NK cell frequency was decreased by 54% in NMOSD vs HC (95% CI −56.8 to −10.4, *p* = 0.0067). A reduction in CD16^+^CD56^+^ NK cell frequency was still seen in the participants with NMOSD who had not been treated by rituximab (95% CI −69.7 to −6.45, *p* = 0.024), though not in those who had been treated by rituximab (95% CI −62.9 to 4.72, *p* = 0.083). The frequency of Th1-like CD8^+^ T cells was also reduced in NMOSD vs HC by 53% (95% CI −3.98 to −0.192, *p* = 0.034). Stratification analyses based on rituximab treatment revealed that both rituximab-treated (95% CI −4.06 to −0.176, *p* = 0.035) and untreated (95% CI −4.15 to −0.451, *p* = 0.019) participants with NMOSD had reduced Th1-like CD8^+^ T cells compared with HCs. Last, the frequency of B cells overall was also lower in NMOSD than HC by 54% (95% CI −6.33 to −0.702, *p* = 0.017). However, further analysis revealed that rituximab-untreated participants had a similar frequency of B cells as HCs (95% CI −4.72 to 3.28, *p* = 0.685), and it was the rituximab-treated group who had the reduced B-cell frequency (95% CI −7.96 to −4.66, *p* = 3.5 × 10^−6^). All other cell subset frequencies were similar in NMOSD compared with HC.

Analysis of serum analytes validates NMOSD biomarkers {#s2-3}
-----------------------------------------------------

Serum analyte concentrations were measured using multiplex proteomics assays and ELISA in 2 independent cohorts. A total of 46 serum cytokines or chemokines were measured in each cohort; 4 of these differed significantly between NMOSD and HC in one or both cohorts ([table 3](#T3){ref-type="table"}). BAFF was elevated in NMOSD samples in cohorts 1 (95% CI 671--1,430, *p*-adj = 1.6 × 10^−4^) and 2 (95% CI 1,360--3,880, *p*-adj = 0.0028). As rituximab treatment has been shown to elevate serum BAFF,^[@R18]^ we evaluated whether BAFF serum concentration differed based on previous rituximab treatment. The groups, arranged in ascending order of BAFF concentration, are HC, untreated NMOSD, all (unstratified) NMOSD, and treated NMOSD. In both cohorts, BAFF concentration was elevated in rituximab-treated NMOSD (cohort 1: 95% CI 769--1,650, *p* = 1.3 × 10^−5^; cohort 2: 95% CI 2,740--6,190, *p* = 4.7 × 10^−4^) in comparison to HC. In cohort 2, the serum BAFF concentration was elevated in rituximab-treated NMOSD compared with untreated (95% CI 1740--5,620, *p* = 0.00065). In summary, the rituximab-treated and unstratified NMOSD groups had significantly elevated serum BAFF in both cohorts. The use of 2 independent cohorts and 2 different methods (ELISA and multiplex proteomics assay) validated BAFF as a significant result.

###### 

Mean NMOSD and HC serum analyte concentrations in 2 cohorts
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The 3 other serum analytes that differed between NMOSD and HC were interleukin (IL)-6 (95% CI 0.500--1.97, *p*-adj = 0.013), CCL22 (95% CI 104--504, *p*-adj = 0.019), and CCL3 (95% CI 8.49--50.7, *p*-adj = 0.027), which were all elevated in cohort 2 only. IL-17F, S100B, FGF-basic, IL-15, RANTES, and IL-1RA did not meet the threshold for significance (*p*-adj ≤ 0.05), but were elevated in NMOSD in 1 cohort (*p* ≤ 0.05). All other serum analyte concentrations in NMOSD were similar to HC.

Multivariable logistic regression identifies BAFF association with NMOSD {#s2-4}
------------------------------------------------------------------------

We performed multivariable logistic regression analyses to model the association of serum analyte concentrations or immunophenotyping frequencies with NMOSD. The ability to predict NMOSD was assessed using 5-fold cross validation evaluated through quantification of the AUC of the associated ROC curve ([figure 1, A--D](#F1){ref-type="fig"}; [table 4](#T4){ref-type="table"}). Models constructed on immunophenotyping and serum analyte concentrations from both cohorts had a greater predictive ability (0.7 \< AUC \< 0.8) than models constructed on serum analyte concentrations from cohort 1 or 2 alone (0.5 \< AUC \< 0.7). The model based on serum analytes from both cohorts had the highest AUC (0.734) and standard accuracy value (0.700) and was further analyzed to identify significant parameters.

![Multivariable logistic regressions based on immunophenotyping frequencies and serum analyte concentrations\
ROC curves for 5-fold cross validation of multivariable logistic regression models were constructed for NMOSD predictability based on (A) immunophenotyping, (B) cohort 1, (C) cohort 2, and (D) cohorts 1 and 2 serum analyte concentrations. Combined serum cohort and immunophenotyping models have better predictive value than models constructed on cohorts 1 or 2 alone. (E) Coefficients for the combined cohort model are depicted with SD. BAFF concentration was significantly associated with NMOSD (*p* = 0.022, in orange). Cohort 2 was tested on a multivariable regression model for cohort 1, for which the (F) ROC curve and (G) confusion matrix are shown. They revealed an AUC of 0.66 and accuracy of 0.58. AUC = area under the curve; NMOSD = neuromyelitis optica spectrum disorder; ROC = receiver operating characteristic; *p* ≤ 0.05 was considered statistically significant.](NEURIMMINFL2020029041f1){#F1}
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AUC and ACC for multivariable logistic regression curves
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In the multivariate serum analyte model based on both cohorts, BAFF concentration was found to be associated with NMOSD (*p* = 0.022, [figure 1E](#F1){ref-type="fig"}), consistent with observations from univariate analyses. BAFF concentration remained associated with NMOSD in this model when rituximab treatment was included as a covariate (*p* = 0.038). A multivariable logistic regression model constructed on cohort 1 and tested on cohort 2 performed with an AUC of 0.66 and accuracy of 0.58, suggesting weak generalizability between cohorts ([figure 1, F and G](#F1){ref-type="fig"}). The cohort 1--trained model was a relatively poor predictor (AUC \<0.7) of NMOSD in cohort 2.

A separation of NMOSD and HC was observed when visualizing components 1 and 2 derived from principal component analysis (figure e-1, A--D, [links.lww.com/NXI/A291](http://links.lww.com/NXI/A291)). These components explained only 45% and 25%, respectively, of the total variance from immunophenotyping and serum analytes (both cohorts). We did not observe distinct clustering based on these analyses. Principal components 1 and 2 explained 73% and 78% of the total variance of cohorts 1 and 2, respectively. Although clustering was still not observed in these decompositions, some NMOSD samples did separate. No differentiation of samples was seen based on institutional source or cohort (figure e-1, E--J, [links.lww.com/NXI/A291](http://links.lww.com/NXI/A291)). In general, principal component analysis of immunophenotyping or serum analyte data sets could not reliably distinguish NMOSD vs HC.

Serum CX3CL1 concentration correlates with days since relapse {#s2-5}
-------------------------------------------------------------

We next sought to investigate whether measured serum analyte concentrations correlated with temporal measures of clinical outcome, particularly the number of days since relapse or ARR. The mean number of days since relapse was 590 (95% CImean 350--820), and the mean ARR was 0.8 (95% CImean 0.5--1.2). Multivariable linear regression models were used to identify associations between cohort 1 and 2 serum analyte levels and the 2 outcome variables. These models fit weakly, though better for days since relapse (*R*^2^ = 0.602) than ARR (*R*^2^ = 0.361). Statistical analysis of serum analyte parameters (table e-2, [links.lww.com/NXI/A292](http://links.lww.com/NXI/A292)) revealed that the chemokine CX3CL1 (fractalkine; *p* = 0.031) was associated with days since relapse. This association indicated that CX3CL1 levels in serum decline as a function of time since previous relapse. No other serum analyte was significant in our multivariable linear regression analyses for either outcome.

Discussion {#s3}
==========

The goal of this exploratory study was to assess circulating immune cell and cytokine/chemokine profiles using an unbiased and hypothesis-generating strategy. This approach achieved 3 overarching goals, which were to (1) verify the utility of the CIRCLES biospecimen repository in supporting molecular and cellular NMOSD research, (2) reference known biomarkers as a means of validation using external standards, and (3) identify potentially novel candidate NMOSD biomarkers. With the high-throughput evaluation of a large set of circulating immune cell frequencies and serum cytokine and chemokine concentrations, we have validated previously identified biomarkers. Beyond this concordance, the current studies have also identified CD16^+^CD56^+^ NK cells and CX3CL1 as intriguing and novel biomarker candidates to be further evaluated for possible NMOSD predictive or prognostic applications.

A significant decrease in peripheral NK cell frequency has been reported in patients with NMOSD in comparison to patients with MS and HCs.^[@R21]^ However, stratification by clinical status revealed that only patients with relapsing NMOSD had significantly less NK cells; those in remission did not.^[@R21]^ Therefore, NK cell frequency may be a candidate biomarker with temporal specificity. In this study, we did not find a significant change in total NK cell frequency, although we found a decrease in CD16^+^CD56^+^ NK cell subset frequency in participants with NMOSD. Of note, CD16^+^ NK cells express perforin and are cytotoxic; they are involved in antibody-dependent cellular cytotoxicity, which is a mechanism associated with NMOSD pathogenesis.^[@R22],[@R23]^ Although histopathologic examination of NMOSD lesions has not identified NK cells as a predominant infiltrating cell type, studies conducted in vitro or with mouse models have demonstrated NMO-IgG--dependent astrocyte killing by NK cells, highlighting a possible mechanism for NMOSD pathology.^[@R24][@R25][@R26]^ Other studies elucidate a protective role of NK cells in an autoimmune demyelinating disease model and a reduction in NK cell frequency in patients with MS.^[@R27],[@R28]^ Our findings provide impetus for further inquiry into CD16^+^CD56^+^ NK cells and their functions in association with NMOSD relapses in a larger patient sample.

CX3CL1 is also a viable novel biomarker candidate for further study in NMOSD. We found that CX3CL1 was significantly associated with the number of days since relapse in a multivariable linear regression model. CX3CL1, also known as fractalkine, was originally called neurotactin due to its high expression in the CNS, including by astrocytes.^[@R29],[@R30]^ CX3CL1 is important for chemotaxis of leukocytes to the CNS and is commonly studied in the context of neurologic disease. For example, CX3CL1 is elevated in the serum of patients with MS.^[@R31]^ Its receptor, CX3CR1, is expressed on microglia, monocytes, dendritic cells, and especially NK cells.^[@R32]^ Notably, CD16^+^ NK cells highly express CX3CR1,^[@R33]^ and variations in CX3CR1 are correlated with age-related macular degeneration.^[@R34]^ These collective findings reinforce our current data suggesting that CX3CL1 is an intriguing candidate for further study in the context of NMOSD relapse prediction.

BAFF elevation as a result of rituximab treatment is a recognized phenomenon and has been implicated in relapses occurring immediately subsequent to rituximab dosing.^[@R18]^ Ostensibly, the depletion of B cells causes a compensatory elevation in BAFF, promoting B-cell activation and disease recrudescence. Elevated BAFF levels have been observed in the CSF and serum of patients with NMOSD.^[@R35],[@R36]^ Autoreactive B cells are especially dependent on BAFF for survival; BAFF selectively rescues autoreactive B cells from elimination.^[@R37]^ Elevated BAFF concentration has been observed in other autoimmune diseases as well, including systemic lupus erythematosus, Sjogren syndrome, and rheumatoid arthritis, and it correlates with disease status.^[@R38],[@R39]^ In the present study, BAFF was significantly elevated in both study cohorts in unstratified NMOSD groups. Furthermore, BAFF was significantly associated with NMOSD in a multivariable logistic regression model, even with rituximab treatment used as a covariate. Therefore, our analyses are consistent with previous studies identified BAFF as an NMOSD biomarker.

The current findings were supported by the observation that treatment history is associated with immunophenotyping frequencies and serum analyte concentrations. For example, we observed a significant reduction in B-cell frequency in NMOSD samples in relation to rituximab treatment. This outcome was anticipated, given that rituximab depletes CD20^+^ B cells from peripheral circulation. However, rituximab also depletes non--B-cell CD20^+^ cells, such as a small population of CD3^+^ T lymphocytes.^[@R40]^ Of interest, CD20^+^ T cells are more likely to be CD8^+^,^[@R40]^ and we observed that the frequency of Th1-like CD8^+^ T cells was significantly reduced in participants with NMOSD with a history of rituximab therapy. Thus, this study may provide support for the hypothesis that rituximab treatment affects cell subsets beyond CD20^+^ B cells and therefore may contribute to its mechanism(s) of action. This concept deserves additional investigation. Steroids and other preventive treatments used for their immunosuppressive properties are also likely to affect immune cell frequencies and serum analyte concentrations. Here, sample sizes for other treatments were not sufficient for analysis by stratification, given that stratification by treatment requires sizable cohorts. Compounded by the rarity of NMOSD, treatment heterogeneity and limited treatment-naive patients are challenges to biomarker discovery in NMOSD. However, treated patients should be evaluated for prognostic biomarkers, given such biomarkers would have greater value if they predicted a potential relapse regardless of treatment.

Taken together, the present findings provide impetus for further study of CX3CL1 and CD16^+^CD56^+^ NK cells as potential novel biomarker candidates specifically associated with NMOSD and its relapse patterns. Considering that the elevation of serum CCL22, IL-6, and CCL3 was not validated by a second cohort, it remains to be determined whether significantly different concentrations would be found in larger NMOSD cohorts. Therefore, these serum analytes should be further validated for consideration as biomarkers, as should Th1-like CD8^+^ T cells. Future studies involving larger cohorts may reveal that these or other immunologic constituents, either alone or as components of composite signatures, represent important indicators of disease status. In any case, the current studies affirm the use of high-throughput techniques for biomarker identification in larger NMOSD cohorts. It would be informative to reevaluate the predictive value of multivariable models and principal component analyses using a larger cohort and further stratification based on treatment, relapse recency, and other clinical factors. Larger sample sizes, assessment of biospecimens from clinical trials, and investigation of samples drawn immediately before and after relapse events might display improved delineation of NMOSD from HC in multivariable models. We were not able to assess the correlation between immunophenotyping and clinical outcomes due to limited relapse data in these study participants (only 4 participants had paired relapse data).

Our findings provide validation for the use of high-throughput technologies, particularly multipanel flow cytometry and multiplex proteomics assay, for identification of candidate NMOSD biomarkers. Furthermore, we have identified CX3CL1 and CD16^+^CD56^+^ NK cells as intriguing and novel prognostic biomarker candidates for further study. Based on these findings, for future evaluation of large NMOSD cohorts with high-throughput techniques, we propose (1) appropriate and standardized collection and storage of samples, as in the CIRCLES program or clinical trials; (2) verification of sample quality, such as PBMC viability quantification; (3) collection of paired information on treatment and clinical characteristics, such as relapse data; and (4) controlling for or stratification analyses based on treatment history, current treatment regimen, and/or clinical characteristics.
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